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ABSTRACT
The brook trout (Salvelinus fontinalis) is facing many challenges throughout the Appalachian
region, which are thought to be brought on by effects of climate change and the loss of habitat
because of the disturbance from the pursuit of energy sources, namely, the mining of coal in the
region. Most of the mining occurs in the central plateau and southern mountain region of West
Virginia. The brook trout have historically had an expansive range covering this region and has
the potential to inhabit the headwater stream systems that occur very prevalently throughout the
Appalachians. In the state of West Virginia, the West Virginia Department of Environmental
Protection (WVDEP) evaluated the effects of selenium (Se) toxicity and its bioaccumulation
previously and proposed a whole-body tissue criteria of 8.0 ug/g for fish. High Se exposure has
the potential to cause spinal, finfold and craniofacial deformities during larval development,
leading to diminished population recruitment. The objective of this research was to determine if
brook trout demonstrate bioaccumulation with dietary Se at rates which have been found to occur
in mining regions. To try to recreate the absorption of Se through trophic transfer, the fish were
fed a Se spiked diet of organic and non-organic forms of Se at rates of 10%, 30%, and 60%
corresponding to actual ratios identifed in the Mud River watershed of West Virginia. The
research herein found that individual trout absorbed Se as high as 8.10 ug/g within a 4-week
period. Both the low and high Se concentration groups showed significant difference from the
control. Brook trout Se absorption information was analyzed along with field collected samples
of warm water species from the WVDEP to determine if differences between warm and cold
water species were evident. Differences between field collected and lab-raised specimens were
evident. The data collected may help identify what type of impact elevated selenium will have on
trout that develop in mining influenced areas.

x

CHAPTER I
SELENIUM EFFECTS ON THE ENVIRONMENT
Introduction
Selenium (Se) is an essential mineral that exists in some form in most organisms from
mammals to phytoplankton. Se occurs naturally in the environment and can be elevated in some
geologic strata. The metalloid is most often contained within black shale and coal ore formations
found throughout the Appalachian region and western states reaching into Canada in North
America Elevated concentrations have the potential to adversely affect the ecosystem when
anthropogenic activities and weathering disturb the rock formations (Presser 1994; Fordyce
2013). Selenium is transported through runoff by these actions and significantly involved in the
aquatic nutrient cycle (Stewart et al. 2004). Speciation and biotransformation within trophic
transfer are widely recognized as playing important roles in determining Se’s fate and effects in
the environment (Young, 2010). At the cellular level, Se has the potential to be substituted for
Sulphur (S) during the protein synthesis stage of organogenesis in embryo development (Janz et
al. 2010). Recently, oxidative stress is believed to be an important factor in the teratogenic
deformity factors of egg laying vertebrates of several chemicals (Wells et al. 1997,2009; Kovacic
and Somanathan 2006)
Currently, the United States Environmental Protection Agency (US EPA)
recommendations for freshwater lotic systems concentrations are 3.1 µg/L chronic exposure, for
lentic systems 1.5 µg/L, and 8.5 mg/kg dw for whole-body fish in a lotic system (US EPA 2016).
Recommendations are different within lotic and lentic systems because of their individual
hydrological characteristics and retention variability of selenium and other compounds (Orr et al.
2006). Each state develops its own water quality criteria for Se and West Virginia has recently
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reviewed their water quality standards (WV DEP 2017). The table below (Table 1.1) displays the
current suggested water quality parameters for selenium.
WV DEP

US EPA
Water Column
5 µg/L
Water Column (Lotic)
Whole-body
8.0 µg/g
Whole-body
Egg/ovary
15.8 µg/g
Egg/ovary
Table 1.1 Current Water Quality Standards for Selenium

3.1	
  µg/L	
  
8.5	
  µg/g	
  
15.1	
  µg/g	
  

Se accumulation in organ and muscle tissue is of interest because of its ability to move
through dietary transfer through organisms in the trophic web and bioaccumulate in species at
the secondary and tertiary levels of an aquatic food web (Besser et al. 1993). Hopkins et al.
(2005) also states that a trophic transfer of Se also occurs in terrestrial species such as
amphibians and reptiles. Bioaccumulation can occur through predator-prey relationship or in
simple uptake by microbes and algae where selenium occurs in elevated levels. There is evidence
that accumulation rates differ between fish species in the same aquatic ecosystem, depending on
diet and how that affects the trophic transfer (Besser et al. 1996). The accumulation in
developing fish embryos can result in developmental teratogenic abnormalities such as
craniofacial, dorso-ventral, and fin malformations (Lemly, 2002). In previous studies it was
found that the most crucial period of uptake of Se to larval trout are at the alevin stage, in which
they are absorbing the yolk sack which contains much of the selenium that the female trout
bioaccumulated and stored in the egg yolks (Lemly, 1997, 2002; Holm et al., 2005). Uptake of
yolk sack selenium can result in deformities in offspring, which create problems with the
organism’s fitness and ability to reproduce, and in some circumstances lethal limits of this
element can be reached (Lemly, 1993; Lemly, 1997; Kennedy et al., 2000; Lemly, 2002).
In aquatic environments, selenium primarily occurs in three forms, selenite, selenite and a
form of organo-selenide. Selenate (𝑆𝑒𝑂$ ), the form most commonly released by geologic and
2

anthropogenic sources, cannot be readily absorbed my organisms though some bacteria are able
to convert this into an organic form which then can be accumulated (Luoma & Presser 2009).
Selenite (𝑆𝑒𝑂& )can oxidize rapidly through mining activity that exposes coal ore and waste rock
exposing coal to oxidation (Young, 2010). The organic form of Se, Selenomethionine, is found
to be especially detrimental to the species at the top of the trophic web because of its
bioavailibilty in the prey organisms (Besser et al., 2010; Fan et al., 2002; Misra et al., 2012).
Rigby et al. (2014) determined that the speciation of selenium changes within the different
trophic levels in the aquatic system. It was determined that the structure of the selenium was not
the same representative in each layer from biofilm to macroinvertebrates to fish and was
discovered that as trophic transfer occurs, selenium speciation percentages change and different
forms can become dominant. Further research is needed to understand the enzymatic activity of
aquatic organisms on selenium speciation.
Hamilton et al. (1990) found that chinook salmon fed a diet of fish meal made from highSe mosquitofish (Gambusia affinis) had reduced growth and higher mortality correlated to the Se
contained in the diet. A study conducted on adult Zebrafish (Danio rerio) suggested that when
fed a chronic sub-lethal diet of Se, physiological characteristics appear such as impaired critical
swimming speed and increased energy stores, triglycerides and glycogen, which could alter food
acquisition (Thomas & Janz 2011). Fish and other aquatic invertebrates are found to possess
more selenoproteins than terrestrial organisms such as birds and mammals (Lobanov et al., 2007)
which is why this research is directed toward fish populations in high Se concentration areas and
the types of recruitment issues this may cause. Dietary supplementation of a natural diet requires
fish to have 0.1-0.5 µg Se 𝑔() , however selenium bioaccumulates very rapidly and when
concentrations reach ≥3.0 µg Se 𝑔() , it begins to cause cellular impairment of enzyme and
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protein molecules (Ganther 1974; Stadtman 1974; Diplock and Hoekstra 1976; Reddy and Massaro 1983; Sunde 1984).
The West Virginia Department of Environmental Protection (WVDEP) has collected Se
water and fish tissue concentration data for many warm-water species that are located in mining
influenced areas and determined allowable Se concentrations in fish egg/ovary to be 15.8 µg/g
(WV DEP 2017). WVDEP’s database from this study does not contain cold-water species that
inhabit the headwater streams across the state. Mining influenced sites have had significantly
higher Se concentrations in sunfish and creek chub organ and reproductive tissue (Arnold et al.
2014) than control streams. The effect of Se on Appalachian native trout, the brook trout, is not
well documented and the strain that it could possibly be putting on recruitment of the larval trout
could effectively play a role in the decline of already stressed eastern trout populations. A similar
species of fish, the Dolly Varden (Salvelinus malma) which is in the same genus as the brook
trout, has shown high egg-ovary (EC) concentrations of selenium, 56.2 mg Se/kg dw, compared
to other species (US EPA 2016). The question we look to answer is whether Se bioaccumulates
at rates in brook trout similar to warm water species collected in the state, to inform whether this
may have repercussion on populations existing in this area.
Importance of study effort
It is imperative that more data be collected on this topic because brook trout are not a
commonly used species when determining water quality standards. However, the brook trout is
an important bioindicator of cold-water stream health and the species viability is diminishing
(Larson & Moore 1985; Flebbe 1994; Marschall & Crowder 1996; Stranko et al. 2008). There is
much interest throughout the Appalachian region in recruiting more brook trout into their natural
range, which has been diminished because of anthropogenic effects (Meisner 1990). Petty et al.
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(2005) suggests that more attention be placed on enhancing small tributaries to increase the
potential for brook trout to be present in these locations. Mountaintop mining (MTM) activity
throughout southern West Virginia and historic mining activity may have an effect on the health
of the aquatic systems surrounding these areas (Palmer, 2010). In one study, the highest recorded
Se water concentration in West Virginia occurred in Mullins Branch, a tributary of the Mud
River with high mining activity in the area, was 35.7 µg𝐿() in the water column (Lindberg
2011). Such high water column concentrations have the potential to bioaccumulate to extremely
high levels through trophic transfer to organisms at the top of the food web from accumulation in
algae and benthic macroinvertebrates.
The research herein was conducted with hatchery-raised fish instead of wild caught brook
trout because the fish are very migratory and it is difficult to determine how large of a home
range they have in an area known to have high levels of Se (Friedrich et al. 2011). Factors also
include the lack of knowledge of natural populations of brook trout that occur in impaired
watersheds, as well as, the inability to readily have the trout’s diet consist of only man-made
trout pellets without a long period of adaptation. The controlled research focused on feeding the
trout a diet supplemented by Se levels close to actual (10%,30%,60%) dietary concentrations
seen in streams in West Virginia (Arnold 2014). The objectives of this study were:
•   To understand if brook trout do accumulated Se strictly through occurrence in diet at
levels occurring in West Virginia,
•   To establish whole-body tissue concentrations in relation to amount of dietary Se,
•   To compare trout tissue concentrations to the WV DEP values given for warm water
species whole-body concentrations, and
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•  

To analyze trophic transfer rate of selenium occurring in the Se-spiked food and compare
it to trophic transfer rates in field collected taxa.
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CHAPTER II
MATERIALS AND METHODS
Methods
For this study, there were two experiments conducted. The first began with
approximately 4 month-old trout (n=21, x̅ length 153.8 mm, x̅ weight 41.4 g) which were
obtained and placed in individual tanks and then randomized to receive varying doses of a diet
enriched with selenium for a 6-week period. After the exposure period had ended, the trout were
euthanized with MS-222 and dissected to determine gender. The reproductive organs were very
small in these fish and some were not sufficiently developed to determine gender. The dissection
also determined that there was no egg development occurring in females. After examination, fish
were transported to BioChem Analytical Laboratory for Se analysis.
In the second experiment, trout of approximately 6 months of age were received and were
fed for 4-weeks during the fall mating season for wild brook trout. The intended design of this
experiment was to feed the trout during the oogenesis period when the eggs are developing and
the female is sending much of her resources to the egg; this process in when transfer of the
selenium to the eggs occurs. At the conclusion of the four weeks, trout were again euthanized
and dissected to determine gender, as well as examine egg production. Unfortunately, eggs were
not present in these specimens. The fish were again sent to BioChem Analytical Laboratory for
whole body Se analysis.
Creation of Supplemental Diet
There was no concern of nutrient leaching into the water and affecting the absorption rate
of Se because of the extremely low rate at which fish absorb contaminants in the water through
respiration or fluid exchange through skin (Good et al. 2009). The most common uptake pathway
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for fish to accumulate Se is through dietary uptake (Conley et al., 2009), but it was unfeasible to
feed the trout a natural diet of invertebrates which were high in selenium in a laboratory setting.
Instead, fish pellets, the diet the trout were fed in the hatchery and were accustom to eating were
used in the study. The pellets were abundantly accessible and this standard is used by the state
hatchery where the fish were reared. The pellets were dosed with selenium to achieve desired
exposure levels for testing. Prior to dosing, an absorbance test was conducted on the food in
order to know how much water it could absorb so that the correct selenium concentration could
be applied to achieve the desired dietary concentrations. Using a 10mL Gilson Inc. Pipetman®
drops of water were applied to 12 pellets of the smallest food size that would be used in testing.
Water was placed onto each pellet until water could be seen forming underneath the pellet
ensuring it had been saturated. Each pellet was found to uptake an average of 0.05 mL of water
so concentrations of selenium were determined from this. The 1,512 bits of food needed for the
duration of the test were soaked in 75.6 mL of Se-infused solution in order to get enough of the
Se concentration onto each pellet.
The food used throughout the tests was Purina® Game Fish Chow. This type of food was
chosen based on availability of the product, the complete nutritional structure the fish would
need for the duration of the study, and the ability of the pellets to float at the surface of the water
for ease of retrieval if the fish did not eat them. During the acclimation period of the trout to test
conditions, each size of pellet was given to the fish to determine response and ability to swallow
the pellet. Of the 3 sizes contained within the fish chow, only the smallest pellets were found to
be eaten by the fish, so it was determined to use the smallest pellets for the entire testing
timeframe. The multi-sized food particles were then sieved using a plastic dish with 3/16” holes
drilled in the bottom to allow only the smallest size to be collected.
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Literature values and available data were used to determine dosing concentrations and
ratios of selenium species added to the trout diet. Two forms of inorganic selenium, sodium
selenite (Na2SeO3) and sodium selenate (Na2O4Se) and one form of organic selenium,
selenomethionine (C5H11NO2Se), obtained from Sigma-Aldrich®, for use in the dosing of the
trout chow. Arnold et al. (2014) found composite invertebrate samples had an average Se
concentration of 10.1 ± 0.2 mg/kg dw in the high Se site of his research study within the Mud
River (MR7). Composite samples from this site contained approximately 30% selenite, 10%
selenate, while the remaining fraction was composed of Se-methionine and Se-cystine. The
objective of the food infusion was to recreate the ratios that were found within those composite
samples and try to evaluate the trophic transfer of this combination of selenium species.
During the first round of dosing, the measured dose concentrations were 13.3mg
Na2SeO4, 39.44mg Na2SeO3, and 78.45mg C5H11NO2Se to achieve our target dose of 60 mg/kg
dw selenium with 10%, 30%, and 60% concentrations of the three selenium species,
respectively. These dosing concentrations were determined by calculating the molecular weight
of Se in each compound, then multiplying the percent concentration needed for each species of
Se. Each chemical was allowed to dissolve in 200mL of reconstituted water for 5 minutes on a
stir plate. Then, combined into a total of 600ml of solution in a 2L beaker and stirred for an
additional 5 minutes. Next, the food was placed into a wide-mouth plastic container with holes
punctured through it to allow all pellets to soak in the water for 1 minute. The pellets were then
removed and placed on a Nalgene® tray and allowed to dry for 12 hrs. The food was kept at 5 ±
1°C for the duration of testing to prevent precipitation of selenium out of the food at room
temperature and above. A sample of the food was analyzed at to Bio Chem Testing, Inc. which
determined measured total selenium concentration of a sample of pellets to be 66.70 mg/kg dw.
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Prior to Testing
Because the fish were separated for testing, the feeding response was initially very slow.
Without the response of the other fish, feeding it was difficult in the beginning to train them to
eat the food as soon as it was available. Quick ingestion of the pellet was important because if
the Se-dosed pellets were to sit in the water too long, the selenium may wash off into the water.
The issue was resolved by feeding the trout that would respond to food first which then allowed
for a response from the surrounding fish. It was observed that it was important to allow the fish
to see into other tanks to know that feeding had commenced. The fish became more stimulated
once one of the fish surrounding it had topped the water to retrieve the pellet, and would begin
actively seeking food at the top of the water. Realizing how sensitive the fish became when
eating provoked the covering of the outside of the tanks to prohibit exterior distraction and stress,
while each divider separating the trout remained clear. Most of the fish relied on the movement
of the other fish to the top of the water before they would come up for the food. Prior to test
initiation, all trout were trained to immediately ingest the pellet.
Culture Tank Setup
Prior to placing the trout in the culture units, the Frigid Units, Inc.® dual chiller/heater
unit cycled water through the three culture units to determine if proper water conditions could be
satisfied. After running for one week samples of the water were taken to ensure sufficient
dissolved oxygen (DO) and temperature were achieved. During the test, average temperature was
kept at 13°C ± 3°, with the chiller/heater unit housed in a 568-liter tank. The water was then
gravity fed to each of the three recirculating fish culture systems (Figure 2.1) and then pumped
throughout the 12 individual holding tanks within the systems. Before the water returned to the
chiller unit, it passed through activated charcoal filters to remove impurities. Trout are

10

poikilothermic and desire a narrow range of temperature which is why the most commonly used
temperature from other studies was used (Miller et al. 2007; Pilgrim 2012) as well as hatchery
recommendations. The water used was de-chlorinated Huntington city water that was allowed to
sit in carboys with aerators for ≥ 24-hours in ample sunlight to de-chlorinate. The photoperiod
throughout the experiment was natural light because of available conditions in which the room
where the experimentation took place allowed sunlight to be present. The experiment took place
in the spring, from March 14, 2016 to April 25, 2016. At the time of the initial start of the
experiment, the photoperiod was 12hr and 47min of light and by the last day, the photoperiod
was 14hr and 32minutes. Feeding was consistently conducted within an hour of 12pm each day
by human interaction to ensure proper procedure and eating of the food, as well as to ensure the
removal of waste from the system. A water change of 5% of the total system occurred each day
by the cleaning of the tanks and replacing the water siphoned out of the system.

Figure 2.1 Schematic of fish culturing unit used throughout testing
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Study Design
Forty-five 4-month-old trout were collected from the Paint Bank state fish hatchery
located in Paint Bank, Va. for the first study. The fish were transported with fresh spring water
from the hatchery to the Marshall University campus, where the fish were individually weighed
and measured, then placed into individual tanks by way of a randomization process. The trout
received contained both diploid and triploid variety of brook trout but, the triploid variety were
withheld from the study. The triploid trout performance may to differ from the diploid variety
and complicates data interpretation. Each trout was assigned a label depicting the Se treatment
that each was assigned when it was given a random number. There were 7 fish per concentration
of low, medium and high Se exposures, for a total of 21 fish in the test. Before testing began, fish
were given 8 weeks to get accustomed to the tank conditions and being separated rather than
living in large run filled with hundreds of fish. System maintenance during acclimation and
testing consisted of cleaning the tanks and extracting all waste material, checking water levels in
the basin of the unit, 5% (39 gallon) daily water change, and bi-weekly renewal of activated
charcoal in the filters.
The following fall the same method of testing was again conducted on brook trout,
approximately 6 months old, during the natural spawning season of brook trout. This study
looked to discover if there are varied bioaccumulation rates during spawning season comparative
to non-spawning season. Field collected warm water fish were analyzed by the WVDEP and
found that Se accumulation is increased during spring season rather than fall season. Fish begin
to exert more energy and nutritional gain toward reproduction in the oogenesis and vitellogenesis
stage of egg development (Jalabert 2005), which is why there was the influence to conduct this
research again in a different season than the former study. The increased effort put forth into egg
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creation and spawning can lead to high concentrations of minerals in the yolk sac of the egg and
when that begins to be taken up by the larval fish is the most common period of deformity.
The trout were again collected from Paint Bank Fish Hatchery in Paint Bank, Va. and the
same culture units and laboratory space was used. The length and weight of the fish were
collected (n= 26, x̅ length = 187.31, x̅ weight = 62.75) and then a random number generator was
used to determine the dose group each trout would be placed in. The study lasted 4 weeks,
beginning on October 7th, 2016 and concluding on November 4th, 2016. The photoperiod during
this time varied from 12hr 24min on Oct. 7th, to 11hrs and 21mins on the 4th of November. Each
trout received two pellets each day for seven days. The control fish would receive two non-dosed
pellets, the medium concentration group received one dosed and one non-dosed pellet, and the
high concentration group received two pellets dosed in the created Se solution.
At the end of the 4-weeks the fish were euthanized in MS-222 and measurements were
collected before fish were dissected to determine gender. The ratio of sex was 13 males, 12
females, and one classified as juvenile because the underdeveloped reproductive organs. The fish
were then individually labeled, bagged, and sent to Bio Chem Testing Inc. for whole body
analysis. The spectrometry analysis followed standard method SM3113 B-2004 which used
electrothermal atomic absorption to determine existence of metallic elements and had a method
detection limit of 2 µg/L. The nonparametric Kruskal-Wallis one-way ANOVA on ranks was
used to find homogeneity of variance and normality between the three groups.
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CHAPTER III
FINDINGS OF DIET TESTING

Results
At the conclusion of the first study the data collected reflected a slight increase in both
length and weight of the surviving 18 specimen (n=18, x̅ length = 165 mm, x̅ weight = 42.37g).
Sex was also determined and found that there were 7 males, 8 females, and 2 that were
undetermined because the reproductive organs were not completely developed, these were
categorized as juvenile. Average WB Se concentrations for the trout of the first study (control =
0.656 ± 0.091, medium = 3.525 ± 1.052, high = 5.215 ± 0.780) showed that each group did
indicate different rates of Se uptake. The results (Figure 3.1) show there was a dose response

Figure 3.1 WB dw Se tissue concentrations – Study 1
14

Between each of the groups, with the greatest difference in means (F = 4.5584: p< 0.0001)
between the high concentration group and control and a lesser difference (F = 2.864: p<0.0001)
between the medium concentration and the control group. The Kruskal-Wallis multiple
comparison test indicates, significant difference between the control group and both the medium
and high treatment groups (Z = 2.1022, 3.6606; p < 0.0001), while the means between the
medium and high group are not significant from each other (Z = 1.7716; p>0.05).
Date Sampled
3/14/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016
04/26/2016

Brook Trout whole body Se concentrations ( 1st year)
Sample ID
% Dose
Est. Food
Concentration
(mg/kg) dw
Se Dosed Trout
Chow
Trout #4
0%
0.00
Trout #7
0%
0.00
Trout #16
0%
0.00
Trout #22
0%
0.00
Trout #27
0%
0.00
Trout #3
50%
33.35
Trout #6
50%
33.35
Trout #8
50%
33.35
Trout #15
50%
33.35
Trout #17
50%
33.35
Trout #18
50%
33.35
Trout #19
50%
33.35
Trout #1
100%
66.70
Trout #5
100%
66.70
Trout #11
100%
66.70
Trout #12
100%
66.70
Trout #20
100%
66.70
Trout #24
100%
66.70

Whole-body Se
(mg/kg) dw
66.70
0.64
0.78
0.71
0.61
0.54
2.77
5.19
2.41
2.95
4.70
2.95
3.72
5.25
5.67
5.18
3.95
4.96
6.29

Table 3.1 DW WB tissue concentrations – Study 1
The second study again resulted in a slight increase in length and weight (n= 26 x̅ , length
= 192.84mm, x̅ weight = 63.15g). The accumulation results (Figure 3.2) show slightly lower
average concentrations of WB Se concentration than the first study (control x̅ = 0.4882426 ±
0.029, medium x̅ = 2.3120047 ± 1.086, high x̅ = 4.1755233 ± 1.428). The only significant
difference in means is between the high Se group and the control (Z = 1.96; 3.4372). The highest

15

WB Se concentration of both studies was received in this second study (8.10 mg/kg dw).

Se mg/kg dw

Se whole-body concentrations per feeding group

% concentration
Figure 3.2 WB dw Se tissue concentrations
– Study 2
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Date Sampled
3/14/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016
11/16/2016

Brook Trout whole body Se concentrations ( 2nd year)	
  
Sample ID
% Dose
Est. Food
Concentration
(mg/kg) dw
Se Dosed Trout
Chow
Trout #2
0%
0.00
Trout #6
0%
0.00
Trout #7
0%
0.00
Trout #10
0%
0.00
Trout #21
0%
0.00
Trout #26
0%
0.00
Trout #1
50%
33.35
Trout #5
50%
33.35
Trout #9
50%
33.35
Trout #16
50%
33.35
Trout #18
50%
33.35
Trout #30
50%
33.35
Trout #1
100%
66.70
Trout #5
100%
66.70
Trout #11
100%
66.70
Trout #12
100%
66.70
Trout #20
100%
66.70
Trout #24
100%
66.70

Whole-body Se
(mg/kg) dw
>78.48
0.46
0.50
0.50
0.53
0.45
0.48
3.64
4.96
2.81
0.58
3.06
2.74
5.50
8.10
4.82
5.80
3.45
2.87

Table 3.2 DW WB tissue concentrations – Study 2
1st study

2nd study
% of
compound
in Mix
0.10
0.30
0.60

mg

% of Se
in Mix

Se(VI)
Se(IV)
Se-methionine

13.3
39.44
78.45

0.10
0.33
0.57

total mg chemical
added

131.19

133.305

66.74
mg/kg dw

78.48
mg/kg dw

Trout Chow
concentration

Table 3.3 Concentration of Se in dose solution
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mg

% of Se
in Mix

9.346
23.959
100

0.07
0.20
0.73

% of
compound
in Mix
0.07
0.18
0.75

1st study TTF
Dose
WB avg
Conc.
mg/kg

Common
Name

Sample
Date

Units

Brook
Trout
Brook
Trout
Brook
Trout

04/26/2016

Mg/kg

0%

0.6569187

04/26/2016

Mg/kg

50%

04/26/2016

Mg/kg

100%

Common
Name

Sample
Date

Units

2nd study TTF
Dose
WB avg
Conc.
mg/kg

Brook
11/16/2016 Mg/kg
Trout
Brook
11/16/2016 Mg/kg
Trout
Brook
11/16/2016 Mg/kg
Trout
Table 3.5 TTFs of Brook Trout

# in
sample

TTF

5

Diet
conc.
Mg/kg
-

3.5253017

7

39.24

0.09

5.2152789

6

66.70

0.08

# in
sample

TTF

-

0%

0.488

6

Diet
conc.
Mg/kg
-

50%

2.312

6

39.24

0.06

100%

4.175

6

78.48

0.05

18

-

Chapter IV
EVALUATION OF FINDINGS
Discussion
The positive results show brook trout taking up amounts of selenium in the ratio
presented in the diet. It was effectively shown that the metabolic process of the trout was able to
receive the Se as it was presented on the food pellet, and absorb into muscle tissue instead of
depositing it through excrement. The ratio of each species of selenium was not discovered
through this testing due to the high cost, but we can assume that the greatest amount absorbed is
the organoselenium form due to previous research on the trophic transfer properties of Se species
(Besser et al., 1993; Fan et al., 2002). For the time fed, the Se accumulation in the WB samples
was a good representative of the Se available in each dose group. In a similar study conducted
looking at the dose response of three salmonid species (cutthroat trout, rainbow trout, and brook
trout) after five months of testing, it was found that brook trout store the largest portion of Se in
muscle tissue compared to rainbow and cutthroat trout (Pilgram 2012). Whereas, rainbow and
cutthroat store the majority in the egg tissue. Concentrations of Se present in the diet of brook
trout may then cause systematic toxicity at high thresholds, and less effects of teratogenic
deformities from reproduction. Many studies conducted in this field look at the liver
concentrations rather than analyzing body tissue, though there has been results that indicate a
strong correlation between the liver and muscle tissue concentrations in salmonids (Arribére et
al. 2008).
The current recommended US EPA whole-body concentration is 8.5 mg/kg, which has
been supported by a study suggesting that the WB concentration set by the EPA would be
protective in of sturgeon species based on survival and growth data (De Riu et al. 2014). There
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seems to be much discussion as to whether Se thresholds should be the same for warm and cold
water fish. Hamilton (2003) suggests that there is not an adequate foundation for the
differentiation of whole-body concentrations between warm and cold water fish. Previous studies
suggest accumulation of Se at rates of 4-6 mg/kg have been shown to cause effects, no matter the
species or aquatic system they inhabit (Hilton et al., 1980; Hilton and Hodson, 1983; Hunn et al.,
1987; Hamilton et al., 1990, 1996, 2001; Cleveland et al., 1993; Lemly, 1993). However,
DeForest et al. (1999) suggested the threshold to be set higher, 6 mg/kg coldwater and 9 mg/kg
warmwater, than the previously mentioned results. The results of this study on mimicking
trophic transfer rate that occurs naturally from aquatic food sources to the Se-spiked pellets these
brook trout received correlate with the rates of accumulation that previous studies had received.
The research conducted here is not suggesting that current criteria be altered, only that
accumulation of Se in this study is representative of what others have found.
The WV DEP have developed three water quality criteria (fish tissue, whole body, and
egg/ovary) of Se concentrations in fish, all of which currently apply to warm and cold-water
species. However, significant data is lacking of actual field collected cold-water fish WB
concentrations within the state. A comparative analysis of the data collected within this test and
the WV DEP data show that none of the fish within the first study had concentrations reaching
8.0 ug/g, but several specimen within the high concentration group were approaching this
number after only 6 weeks of feeding. The collection of this information could potentially help to
understand the trophic transfer of Se through coldwater systems and the rates of absorption from
brook trout in waters known to have elevated levels of Se.
The results received from the first study (Figure 3.1) were very encouraging because
there is a visible difference between the three diet groups. The control group had non-detects (<
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0.141) in each trout so the box plot representative of his group is very small because the
variability of accumulation is not present. From here, a pattern with the medium and high group
show that both are increasing in absorption rate, and there is a greater amount of variance in this
group showing that the trout were absorbing the selenium and the rates of accumulation of each
fish were similar to those found in the same group. The high concentration group showed results
that are more concise and each individual in this group continued to show absorption similar to
other individuals in the same group. The data received through study is significant (F<0.0001)
because it illustrates that the individual trout in each group showed similar bioaccumulation rates
to their counterparts and we can infer that the uptake of selenium in fish is dependent on the
concentrations in the diet and not necessarily the physical factors of the individual trout.
The WV DEP Chronic Aquatic Life Criteria Implementation, states the chronic value of
fish whole-body concentrations not to exceed (NTE) is 8.0 µg/g and egg ovary NTE
concentration is 15.8 µg/g (WVDEP 2017). This decision was applied to both warm and cold
water fish, without confounding evidence based on the response to Se from the cold water fish.
In this research we had a specimen (Figure 3.2) receiving the highest dose of Se reach 8.10
mg/kg dw within a timeframe of 4 weeks, and several in the group receiving the medium dose
reach almost half of that or more. We based these Se-spiked diets from the levels measured in
West Virginia to represent diets that may occur in some waters. Within the sites sampled by the
WV DEP there were Se gut content concentrations approximate to what was fed within this
study and tissue concentrations that reached the threshold, conversely there were also many sites
that reflected the lower concentrations that were fed and the thresholds were not met.
By comparing the results of the whole-body samples to the amount of Se contained in the
trout chow, there is noticeable difference between the amount absorbed by the fish and the
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amount available to them through their diet. The bioaccumulation rate was not expected to reach
the level of Se which was contained in the trout chow because of much of that compound within
the food would be digested and excreted through waste. Examining information collected by the
WVDEP (Table 3.2) show that elevated Se in gut content (food) of fish only translated to 37%
trophic transfer overall in the warm water fish. Whereas, the Se concentration in the diet of the
trout translated to a 9% TTF of the highest cencentration group which had the highest TTF.
Using such a high dose of selenium in the diets of the trout was not an unrealistic scenario, given
the evidence (Table 4.1) of such high amounts of Se occurring in the gut content. The
speculation is that benthic microorganisms in this system can potentially contain these high
levels, so it is vital to understand this dose response, even if it is high, because of the probability
that it may exist within heavily impacted areas.
A study conducted in elevated Se waters of Canada in proximity to coal mining, showed
higher concentrations of Se in axial muscle of brook trout (3.79 ± 0.51 µg/g) than the same
species collected at a reference site (0.55 ± 0.10 µg/g) (Holm, 2003). This is intriguing because
the results of our first study showed average uptake of Se (3.53 ± 1.05 mg/kg) of the trout
receiving the medium dose. It is encouraging to see the uptake rates that we achieved in a
laboratory setting also be achieved by wild reproducing trout that have absorbed Se through
trophic transfer. A study conducted by Arnold et al. (2014) of field collected fish and insects in
West Virginia showed significantly elevated concentrations, 6.3 ± 0.3 mg/kg Se dw of creek
chub (Semotilus atromaculatus) fillets and 8.8 ± 0.4mg/kg Se dw in green sunfish (Lepomis
cyanellus).  Further, composite insect samples collected in the main stem of the Mud River
displayed an average of 10.1 ± 0.2 mg/kg Se dw.  Chapman (2007) suggests that cold water
species are less sensitive to dietary Se than warm water species, though cold water egg/ovary Se
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thresholds resemble warm water species thresholds. This may still result in developmental
deformities that could affect recruitment numbers of native brook trout.

The results of the data collected from the second year study (Figure 3.2) were not as
distinct but significance was still shown between two of the three groups. (By analyzing the F
value we see a much lower value than the first study (F 18.98< 44.18), but there is still statistical
significance because it is greater than critical value of 3.67. The telling evidence is that
bioaccumulation response was directly dependent on concentrations fed, showing that the fish
will process most of the added Se into their systems rather than depositing it through waste
matter.
Site
ID

Family

Common
Name

Sampl
eDate

Seaso
n

ALTF1
CM
I001
CW
OC
1
HM
RR
HM
RR
HM
RR
HM
RR

Catosto
midae

NHS*

Fall

mg/kg

4.193

6

12.249

5

0.34

Percida
e

RD*

10/29
/
2014
5/29/
2014

Sprin
g

mg/kg

5.106

2

12.454

1

0.41

Catosto
midae

NHS*

10/6/
2014

Fall

mg/kg

1.712

4

11.305

4

0.15

Centrar
chidae
Centrar
chidae
Cyprini
dae
Catosto
midae

BG*

7/28/
2015
6/25/
2014
8/3/
2015
11/24
/
2014

Sprin
g
Sprin
g
Fall

mg/kg

9.467

10

7.937

10

1.19

mg/kg

13.776

25

14.60

4

0.94

mg/kg

19.829

11

17.108

10

1.15

Fall

mg/kg

3.887

7

16.370

6

0.23

BG*
CC*
GRH*

Units

WB avg

# in
sample

prey avg

#
avg'd

TTF

Table 4.1 WVDEP field collected Fish tissue and gut content Se concentrations
*NHS – Northern Hogsucker; RD – Rainbow Darter; BG – Bluegill; CC – Common Carp;
GRH – Golden Redhorse
A model was developed to be able to quantify and infer bioaccumulation of Se through
food web processes (Presser and Luoma, 2010). This model uses a trophic transfer factor (TTF)
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to project exposure of Se to an animal from its food source with known concentrations. The
important examination of the transfer of Se through the food web from prey organisms to the fish
themselves will help to understand the bioaccumulation rate occurring in the fish. Using an
equation of the biodynamics of Se through trophic transfer, fish concentration/diet concentration,
a TTF was calculated for different species of warm water fish from WVDEP data (Table 4.1) as
well as the cold water species of brook trout (Table 3.5). By examining this data, we find that the
combined TTF of collected warm water fish is much higher (0.63 ± 0.447) than cold water fish
(0.07 ± 0.018) which is consistent with other findings .
A TTF of 0.77 has been modeled for brook trout based on available data collected by
Hamilton and Buhl (2004) of the Se concentration of water, sediment, aquatic plants, aquatic
invertebrates, and fish of the Blackfoot River Drainage of Idaho. I believe that our concentration
may have been much lower than the TTF modeled for brook trout because these were field
collected fish that where influenced by lifetime exposure to Se, while the brook trout tested in
this study were only exposed to Se for four and six weeks respectively.

𝑇𝑇𝐹-.//0	
  2./32 =

𝑇𝑟𝑜𝑢𝑡	
  𝑆𝑒	
  𝑐𝑜𝑛𝑐.
𝐷𝑖𝑒𝑡	
  𝑆𝑒	
  𝑐𝑜𝑛𝑐.

For the second study conducted later the same year, the rates of organo-Se within the diet
was increased based on research suggesting that selenomethionine is the species of selenium that
receives the greatest amount of uptake (Ohlendorf, 2003). Concentration of the food fed during
the second study was nominally estimated at being 78.48 mg/kg dw. This based on the
calculation of the mg of the compound of each species of Se used (Selenate, Selenite, Semethionine) multiplied by the percentage of Se in each compound, in the solution (Table 4.1). A
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study evaluating fish tissue samples of the MRW indicated a predominate proportion (>75%) of
Se in the sample was in the form of organoselenium (Arnold et al. 2014). For this reason, our
target composition of organic selenium, selenomethionine, within the dosing solution was 75%.
While there was a bit of discrepancy in the ratios of species of selenium targeted in the first study
(10% Se(VI), 30% Se (IV), 60% organo-se), it felt necessary to capture separate Se
concentration in field collected organisms to be able to examine the difference of absorption
from the brook trout and compare to warm water fish.
The Se-spiked diet with the ratio of 75% organoselenium resulted in a TTF of 0.05 of
trout receiving the highest dose (78.48 mg/kg) and 0.06 in the trout receiving the medium dose.
These results did not reach the modeled TTFs for brook trout by Presser and Luoma (2010) and
were lower than calculated TTFs of warm water fish (Table 3.2) collected by the WVDEP. Trout
TTFs in the first study were slightly higher at 0.08 for the high concentration and 0.09 for the
medium, but overall well below the modeled trophic transfer for brook trout. Speculation as to
what may determine this low trophic transfer suggests that if the duration of each study was
increased results would show results that would begin to approach the modeled TTF of brook
trout. The modeled TTF was also determined using field collected trout with a presumed lifetime
exposure to selenium and found in western U.S. streams. Modeling the trophic transfer of an
Appalachian stream system using field collected data may be a more representative expression of
Se bioaccumulation through the aquatic food web.
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Chapter V
CONCLUSIONS
Summary
This preliminary study was able to find a significance in means between the three groups
suggests that accumulation results differ depending on the amount of the compound available in
the food and the exposure of each individual organism. The short timeframe of exposure also
suggests that this accumulation can occur rapidly, meaning determining acute and chronic
exposure limits to selenium of cold water fish in West Virginia would be vital. Though the
original end goal of this research, evaluation of teratogenic deformities in larval fish, was not
reached I believe that the information collected will be useful in understanding the rates at which
brook trout can accumulate selenium at known levels that are present in Se impacted waters
throughout West Virginia. Also, other regions where coal mining exists alongside coldwater
fisheries.
Implementing a species specific thresholds for brook trout would be of great value in
order to set individual parameters for cold water species, instead of the current action of lumping
them with the warm water species, which are more commonly evaluated. Further laboratory
research is suggested to determine the values of egg/ovary concentrations while feeding this ratio
of the different forms of Se consistent to levels existing in Appalachian waterways. This would
be the ideal continuation of this research conducted. The effects selenium have on recruitment of
species should be an item of concern and in this instance, could impact the range that brook trout
inhabit throughout the east coast. The reduction of remote populations would most likely not
rebound because of the effects of climate change on the increase of year-round temperature of
streams holding these fish. There certainly are other factors that contribute to the loss of range
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(including stream degradation and habitat loss), but with the combination of several of these
damaging effects, there will be consequences.
The subjects of this study were hatchery-reared trout that were later discovered to have a
modified reproduction timeframe making reproduction occur in late summer (beginning in
August) rather than the reproductive cycle of wild native brook trout, which occurs typically
around late September-early October. Adjusted spawning time along with other factors including
typical diet and growth constituents may warrant further study of this type on wild, naturally
reproducing brook trout. A review of the limited research of this topic yielded results suggesting
a genetic difference between hatchery and wild fish, which could cause differences in bodily
efficiency of metabolizing food and mineral absorption of the food source (Reisenbichler &
McIntyre 1977). The success of the fish absorbing partial amounts of Se available within the
spiked food was welcoming, in that an alternative method of introduction of a chemical to the
diet of an organism was found to effectively transport to the bioretention of Se in the body.
Further research would also be valuable to determine the Se speciation absorption rate of
each of the three forms of Se used in the diet of this study. This would help determine which
form is more bioavailable to the larval fish when yolk sac uptake begins and teratogenic
deformities begin to occur. This is the only known research to examine the WB accumulation
rates of three different forms of selenium within the constituents of actual water samples
collected in Appalachian streams. Additional research looking at the rates at which each one is
absorbed could be effective at determining which is most harmful. Additional work to discover
ways to mitigate the sources of these selenium inputs would be valuable to cease the spread of
this pollutant.
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APPENDIX A: OFFICE OF RESEARCH INTEGRITY APPROVAL LETTER
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APPENDIX B: TUKEY RESULTS
Comparisons significant at the 0.05 level are indicated by ***.
group
Comparison

Difference Simultaneous 95% Confidence
Between
Limits
Means

100 - 50

1.6900

0.5264

2.8536

***

100 - 0

4.5584

3.2919

5.8249

***

50 - 100

-1.6900

-2.8536

-0.5264

***

50 - 0

2.8684

1.6437

4.0931

***

0 - 100

-4.5584

-5.8249

-3.2919

***

0 - 50

-2.8684

-4.0931

-1.6437

***
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APPENDIX C: STATISTICAL ANALYSIS OF FIRST STUDY

Group

Count
(ni)

Mean

Effect

All

18

3.291854

3.1325

0
50
100

5
7
6

0.6569187
3.525302
5.215279

-2.475581
0.3928019
2.082779

35

Median

Standard
Deviation

Standard
Error
√(MSE/ni)

0.6409091
2.947368
5.215909

0.09166446
1.052527
0.7804166

0.3601063
0.3043454
0.3287306

APPENDIX D: STATISTICAL ANALYSIS OF SECOND STUDY
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APPENDIX E: WATER CHEMISTRY DURING TEST

Fish Culture
Unit (First
Study)
Unit #1
Unit #2
Unit #3
First Study

Fish Culture
Unit (Second
Study
Unit #1
Unit #2
Unit #3
Second Study

Water
Temperature
(⁰ C)

pH (S.U.)

Dissolved
Oxygen
(mg/L)

Specific
Conductance
(µS/cm)

17.25 ± 1.54
17.49 ± 1.35
17.22 ± 1.40

7.75 ± 0.14
7.88 ± 0.12
7.91 ± 0.14

11.57 ± 6.57
10.23 ± 0.29
10.18 ± 0.28

342.90 ± 25.51
335 ± 28.42
338.85 ± 20.60

Water
Temperature
(⁰ C)

pH (S.U.)

Dissolved
Oxygen
(mg/L)

Specific
Conductance
(µS/cm)

17.20 ± 1.90
16.66 ± 2.30
16.56 ± 2.34

6.97 ± 0.34
7.34 ± 0.21
7.4 ± 0.18

10.11 ± 0.49
10.21 ± 0.58
10.17 ± 0.58

443.33 ± 44.61
461 ± 54.06
460 ± 49.11
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